ABSTRACT. Since there are limited studies concerning the hemodynamic effects of verapamil in pediatric patients, cardiovascular effects of clinical doses (100 or 300 pg/kg) of verapamil, given as a 2-min intravenous infusion, were examined in sodium pentobarbital anesthetized swine, aged 1 day (n = 15) and 2 wk (n = 18). Aortic and left ventricular pressures, index of left ventricular contractility, heart rate, and phasic superior mesenteric, renal, and femoral arterial flows were recorded; mean aortic pressure and vascular resistances were calculated. Maximum changes in cardiovascular function (mean %A -C SEM) occurred at the end of the infusion. Mean aortic pressure and index of left ventricular contractility decreased in all animals; responses were larger in magnitude with the higher dose. By 30 min after infusion of 300 pg/kg verapamil had ended, mean aortic pressure in both 1 day and 2 wk olds and index of left ventricular contractility and femoral flow in 1 day olds were still decreased. During infusion of verapamil, heart rate decreased (-11.6 + 2.9) to the high dose in 1 day olds but increased (+6.4 +. 2.7) to 100 and 300 pglkg verapamil in 2 wk olds. After infusion of 300 pglkg verapamil ended, heart rate decreased and reached the nadir (-10.0 f 2.9) by 10 min in 2 wk olds. Decreases in renal resistance (-7.6 f 1.7) were not dose dependent while superior mesenteric resistance decreased (-12.9 2 2.7) only to low dose verapamil in 2 wk olds. In 1 day olds decreases in renal and superior mesenteric resistance were not sustained throughout the infusion. The results indicate that verapamil has both age-and dose-dependent cardiovascular effects in newborn swine and suggest that verapamil be used with caution in infants. (Pediatr Res 20: 428-432, 1986) Abbreviations AoP, aortic pressure -AoP, mean aortic pressure ECG, electrocardiogram HR, heart rate LV, left ventricular LV dP/dt max, index of LV contractility R, resistance iv, intravenous While verapamil is widely used in children and infants for the treatment of supraventricular tachycardia (1-5), adverse effects such as profound hypotension and arterioventricular block have been reported (1, 4, 6, 7) . In piglets (aged 18 a 6 days) with hypoxic pulmonary hypertension, verapamil infusion (150 pg/ kg over 2 min) decreased systemic and pulmonary artery pressures (8). In puppies a bolus injection of 400 pg/kg verapamil reduced stroke volume and blood flow velocities in aorta and carotid and femoral arteries (9); these effects were not observed in adult dogs.
1 day (n = 15) and 2 wk (n = 18). Aortic and left ventricular pressures, index of left ventricular contractility, heart rate, and phasic superior mesenteric, renal, and femoral arterial flows were recorded; mean aortic pressure and vascular resistances were calculated. Maximum changes in cardiovascular function (mean %A -C SEM) occurred at the end of the infusion. Mean aortic pressure and index of left ventricular contractility decreased in all animals; responses were larger in magnitude with the higher dose. By 30 min after infusion of 300 pg/kg verapamil had ended, mean aortic pressure in both 1 day and 2 wk olds and index of left ventricular contractility and femoral flow in 1 day olds were still decreased. During infusion of verapamil, heart rate decreased (-11.6 + 2.9) to the high dose in 1 day olds but increased (+6.4 +. 2.7) to 100 and 300 pglkg verapamil in 2 wk olds. After infusion of 300 pglkg verapamil ended, heart rate decreased and reached the nadir (-10.0 f 2.9) by 10 min in 2 wk olds. Decreases in renal resistance (-7.6 f 1.7) were not dose dependent while superior mesenteric resistance decreased (-12.9 2 2.7) only to low dose verapamil in 2 wk olds. In 1 day olds decreases in renal and superior mesenteric resistance were not sustained throughout the infusion. The results indicate that verapamil has both age-and dose-dependent cardiovascular effects in newborn swine and suggest that verapamil be used with caution in infants. (Pediatr Res 20: 428-432, 1986) Abbreviations AoP, aortic pressure -AoP, mean aortic pressure ECG, electrocardiogram HR, heart rate LV, left ventricular LV dP/dt max, index of LV contractility R, resistance iv, intravenous While verapamil is widely used in children and infants for the treatment of supraventricular tachycardia (1) (2) (3) (4) (5) , adverse effects such as profound hypotension and arterioventricular block have been reported (1, 4, 6, 7) . In piglets (aged 18 a 6 days) with hypoxic pulmonary hypertension, verapamil infusion (150 pg/ kg over 2 min) decreased systemic and pulmonary artery pressures (8) . In puppies a bolus injection of 400 pg/kg verapamil reduced stroke volume and blood flow velocities in aorta and carotid and femoral arteries (9) ; these effects were not observed in adult dogs.
Since there is little information available concerning the cardiac and regional circulatory effects of verapamil in the newborn period (%-lo), we undertook to study the hemodynamic responses to verapamil in two ages of young swine to further the understanding of the pharmacology of verapamil in pediatrics as a function of postnatal development.
MATERIALS AND METHODS
Animal preparation. Two age groups of neonatal swine were used in this study: 1 day (< 24 h old; n = 15) and 2 wk (12-16 days; n = 8). These two age groups have previously been demonstrated to have clear age-related differences in cardiovascular responses to various pharmacologic agents and to physiologic interventions (1 1-15) . Animals were anesthetized with intraperitoneal sodium pentobarbital (18 and 25 mg/kg for the 1 day and 2 wk olds, respectively) (12) . Supplemental doses of sodium pentobarbital were administered iv at one-tenth the initial dose, as needed throughout the experimental protocol. For a more detailed description of the general methodology, the reader is referred to our previous work (1 3, 16). Body temperature, hydration, arterial blood gases, and pH were maintained and the animals were artificially ventilated. A catheter was inserted in an external jugular vein for injections and in a femoral artery for measurement of AoP. Decamethonium bromide was administered in doses of 1 mg/kg iv to minimize muscle tremor artifacts on the recordings. The LV was catheterized with the shortest end-hole catheter possible via the left common carotid artery and the first derivative of intraventricular pressure (LV dP/dt) was obtained through electronic differentiation. Statham electromagnetic flow probes were placed around the superior mesenteric, a femoral and a renal artery as in our standard preparation (13) . The ECG, HR, AoP, flows, LVP, and LV dP/dt were continuously recorded on a Beckman R 611 dynograph. A change in LV dP/dt max was used as the index of inotropic response. Calculations. HR (bpm) was obtained from the calibrated cardiotachometer. AoP (mm Hg) was calculated as one-third (systolic pressure +2 times diastolic pressure). Mean flow (ml/ min) was calculated with the aid of a systolic:diastolic flow ratio (0.43) established by the electronic mean. Regional vascular R were calculated from the ratio of m / m e a n flow and expressed as peripheral resistance units. LVP and LV dP/dt (mm Hg/ms) were recorded and dP/dt max was measured directly.
Each cardiovascular parameter was calculated as percent change from the initial preinfusion control value, at 20-s intervals during the infusion, at 1-min intervals for the first 5 min after the end of the infusion, and then at 5-min intervals until 30 min after the infusion ended.
Statistical analysis. Each animal served as its own control for
all observations on the effects of experimental interventions. Percent change of each cardiovascular parameter was used to evaluate any age-related effects of verapamil, since control values were age dependent (Table l) , as previously reported (8, 12, 16, 17) . Control values were compared between the two age groups using the unpaired t test (1 8 
RESULTS
The initial control values of cardiovascular function are presented in Table 1 . There were age-related increases in K P , body weight, and regional blood flow and decreases in peripheral vascular R, except femoral R as we have previously reported for developing swine (12, 13) . Figure 1 shows the cardiovascular responses to 300 pg/kg verapamil in a representative 1-day-old piglet. All cardiovascular parameters decreased after infusion of high dose verapamil in swine at birth. Cardiovascular responses to verapamil infusion are summarized in Figures 2-4 . Maximum changes in cardiovascular function occurred at the end of the 2-min infusion. By 30 min after the infusion ended, most cardiovascular parameters returned to thebaseline level; exceptions are indicated below.
AoP decreased in all animals during infusion of verapamil (Fig. 2, upper panel) ; this decrease was significantly larger with group HR increased during infusion of both doses of verapamil;
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after the end of the infusion HR then decreased from control 20 20 only in the animals given 300 pg/kg verapmil ( Fig. 2 .* . * * 2, lower panel); the decrease was larger with 300 pg/kg than with 100 pg/kg verapamil in either age group (p s 0.004 and 0.02 for the 1 day and 2 wk olds, respectively). Negative inotropic responses were larger in the 1 day olds than in the 2 wk olds with either 100 pg/kg (p < 0.03) or 300 pg/kg (p < 0.02). By 30 rnin after infusion of verapamil, LV dP/dt max returned toward the baseline level except in the 1 day olds given 300 pg/kg verapamil (Fig. 2, left lower panel) . The effects of verapamil on peripheral circulation are presented in Figures 3 (flows) and 4 (resistances) . Superior mesenteric flow decreased in all animals receiving 300 pg/kg verapamil (Fig. 3,   -20 upper panel). Superior mesenteric flow increased in the older animals, the decreases in renal R (to both doses) and mesenteric -20 -20 R (to 100 pg/kg) were maintained throughout the infusion (Fig. 4, right panel) . In contrast, a trend toward an increase in mesenteric R was observed in all 1-day-old animals by the end of the verapamil infusion; however, only one point was statisti-I cally significant. There was no significant change in femoral R -20 in response to either dose in l-day-old piglets; however, a significant decrease in femoral R was observed to 300 pg/kg verapamil in 2 wk olds but was not sustained. All resistances always returned toward control levels by 30 min with one exception; there was an unexplained increase in femoral R in 2 wk olds given 100 pg/kg verapamil. The animals in our study were anesthetized with pentobarbital.
Despite our concern of the possible vulnerability of the devel- Fig. 4 . Age-and dose-related differences in the effect of verapamil on oping cardiovascular and nervous systems to this anesthetic control values in pentobarbital anesthetized piglets (12) . In conscious animal preparations there are always changes in physical and emotional activity which may lead to changes in plasma day-old g~p .
Immediately following the end of verapamil catecholamine level. Although our anesthetized piglet may not infusion, AoP started to return toward baseline level in both age be representative of an intact unanesthetized animal, conscious groups.
preparations may also be affected by factors which complicate HR decreased in 1-day-old piglets after 300 pg/kg verapamil, analysis of results. but did not change after 100 pg/kg verapamil (Fig. 2, left middle Verapamil is a coronary and peripheral vasodilator (19-21) panel); the effects of the two doses of verapamil on HR were which has direct chronotropic and inotropic effects on the myo-VERAPAMIL IN NEWBORN SWINE 43 1 cardium (19, 20, 22) in adult animals. Low doses of this calcium channel blocking agent cause peripheral vasodilation; the resulting hypotension leads to reflex tachycardia and a reflex increase in left ventricular contractility index (23) . However, with higher doses of verapamil, direct negative inotropic and chronotropic effects cannot be overcome by reflex increases in sympathetic tone. In 20-kg swine (approximately 2 months of age) (17) anesthetized with I % halothane, verapamil did not elicit changes in HR (24) ; this may be due to the depressant effect of this concentration of halothane on the baroreceptor reflex. In our experiments in developing swine, the time course data show clearly that a similar degree of hypotension in both age groups was accompanied by tachycardia only in the 2 wk olds; this reflex response has also been reported in adults (23) . Furthermore, the negative inotropic effect of the high dose of verapamil was much smaller in the older than in the younger animals and there was no compensatory increase in LV contractility index in either age group, as has been reported in adult mammals (23) . We concluded that reflex-induced compensation had not occurred in newborns.
The lack of compensatory responses to the hypotensive and negative inotropic effects of verapamil in the young piglets could be due to a number of different factors. The adrenergic effector system at the sinoatrial node and myocardium has been shown to be considerably less sensitive to its neurotransmitter at birth as compared to older piglets and maturation of chronotropic and inotropic responses to norepinephrine continue through the 1st wk of life (12) . Therefore, the lack of compensatory responses could be explained by functional immaturity of the cardiac adrenergic effector system at birth. Cardiac output of young animals may be more dependent on HR than that of adult animals (25) . Thus the newborn animals may be limited in their ability to regulate cardiac output by changes in stroke volume. The absence of vasodilation to augment myocardial function may also contribute. Other factors could be greater sensitivity to verapamil in younger animals and/or immaturity of central and peripheral sympathetic cardiovascular regulation in the newborns ( 17) .
While there are numerous studies in adults on the vasodilator effect of verapamil on regional circulations (20, 22) , there is little information available in the newborn (9) . In anesthetized puppies, verapamil(400 pg/kg), given as a bolus injection, decreased velocity of flow in the aorta, carotid, and femoral arteries in contrast to responses in adult dogs (9) . The present study is the only one, to the best of our knowledge, in which the effect of verapamil on the renal and superior mesenteric circulation was examined in neonates. A decrease in renal and superior mesenteric R was observed in 2-wk-old piglets following the low dose of verapamil, and a decrease in renal and femoral R followed the high dose of verapamil (Fig. 4) . In contrast, peripheral vascular R did not change significantly in 1-day-old piglets except for the initial transient decreases in renal and superior mesenteric R during infusion of the high dose of verapamil. In these young animals, peripheral flows decreased (Fig. 3) almost passively with the AoP decrease (Fig. 2) during infusion of high dose verapamil. As expected, the pattern of response was not the same in each of the three vascular beds (Figs. 3 and 4) , especially in the older animals. Our data suggest that the ability of verapamil to elicit peripheral vasodilation matures postnatally.
Studies in adults have shown that verapamil has blocking properties at calcium-dependent a adrenoceptors in peripheral vascular beds (25) leading to vascular relaxation (19, 26) . Immaturity of adrenergic response in different vascular beds at birth has been previously demonstrated (1 1). Preliminary results from our laboratory suggest that calcium-dependent a adrenoceptors in peripheral vascular beds of swine mature postnatally (27) . We, therefore, speculate that the age-related differences in direct effects of verapamil on peripheral vasculature (Figs. 3 and 4 ) may be due, in part, to immaturity of calcium-dependent a adrenoceptors.
Our present results indicate that verapamil produces greater negative inotropic and chronotropic effects and less peripheral vasodilation in piglets at birth than later in postnatal life and that the newborns are incapable of reflex increases in sympathetic discharge to the heart. The difference in cardiovascular responses to verapamil in young swine compared to adults may be due, in part, to immaturity of both central and peripheral cardiovascular regulation (1 4, 17) , to greater sensitivity of the myocardium to verapamil in newborn swine, and/or to lesser cardiovascular reserve in the newborn (25, 28) .
